
Int J Clin Exp Pathol 2019;12(9):3235-3246
www.ijcep.com /ISSN:1936-2625/IJCEP0086006

Original Article
Telmisartan suppresses cardiomyocyte and alveolar 
wall hypertrophy by the PPARγ-ERK-NFAT complex  
by changing the balance of PPARγ and ERK
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Abstract: Telmisartan inhibits cardiomyocytes by activating peroxisome proliferator-activated receptor (PPARγ), 
downregulating extracellular signal-regulated kinase (ERK), and inhibiting nuclear factor of activated T cells (NFAT). 
However, it has been unclear whether telmisartan is intrinsically associated with PPARγ, ERK, and NFAT. The present 
study focused on the role of telmisartan with respect to PPARγ, ERK, and NFAT. Angiotensin II was used to stimulate 
primary cardiomyocytes to create a cardiomyocyte hypertrophy model in vitro with increased pathologic protein syn-
thesis and NFAT nuclear translocation. Telmisartan suppressed angiotensin II-induced cardiomyocyte hypertrophy 
by inhibiting protein synthesis and NFAT nuclear translocation. The inhibition by telmisartan was reversed by both 
a PPARγ inhibitor and ERK activator. These results indicated that PPARγ and ERK play opposing roles in regulat-
ing telmisartan inhibition of cardiomyocyte hypertrophy. When we precipitated cardiomyocyte NFAT, we found that 
PPARγ and ERK bind to NFAT, indicating that the PPARγ-ERK-NFAT complex mediated telmisartan inhibition of cardio-
myocyte hypertrophy. In this complex, the balance of PPARγ and ERK is critical to regulate NFAT function. Finally, we 
created a new model to explain the mechanism by which telmisartan prevents cardiomyocyte hypertrophy.
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Introduction

Cardiac hypertrophy is an adaptive response 
and a common complication to various patho-
logical stimuli, such as hypertension and myo-
cardial infarction [1, 2]. Sustained cardiac 
hypertrophy leads to the maladaptive response 
known as heart failure, with enlarged ventricu-
lar volume and adynamic contractility. Cardio- 
myocyte hypertrophy as an original pathologi-
cal response is always followed by extracellular 
hypertrophic signal stimulation, intracellular 
signal transduction, and genetic transcription 
and activation, which ultimately induces cellu-
lar hypertrophy accompanied by abnormal pro-
tein synthesis.

Telmisartan, a well-known angiotensin II recep-
tor blocker, selectively blocks the angiotensin II 
receptor [3]. Many studies have reported that 
telmisartan inhibits left ventricular hypertrophy 
and improves cardiac function [4, 5]. However, 
the mechanism by which telmisartan inhibits 

cardiomyocyte hypertrophy is unclear. Telmi- 
sartan improves left ventricular remodeling of 
infarcted hearts by activating peroxisome prolif-
erator-activated receptor γ (PPARγ) [6] and 
inhibiting extracellular signal-regulated kinase 
(ERK) phosphorylation [7]. However, more 
details are needed to clarify the crosstalk 
between PPARγ and ERK in the inhibition of car-
diomyocyte hypertrophy.

PPARs are transcription factors of the nuclear 
hormone receptor superfamily that bind to  
specific DNA sequences [8]. PPARs form het-
erodimers with RXR to regulate various genes, 
and they exist as three subtypes (α, β/δ, γ) with 
related structures [9]. PPARγ, also known as 
NR1C3 (nuclear receptor subfamily 1, group C, 
member 3), the most studied subtype, is 
involved in lipid metabolism, adipocyte differ-
entiation, and adipogenesis as well as glucose 
metabolism [10]. Clinically, PPARγ agonists 
have been used in the treatment of hyperlipid-
emia and hyperglycemia [11]. PPARγ inhibits 
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inflammatory responses in cardiovascular cells, 
including cardiomyocytes [12]. Hyperlipidemia, 
hyperglycemia, and inflammation are all key 
factors that induce cardiomyocyte hypertrophy 
or heart failure. Recently, it was reported that 
PPARγ activation by an agonist plays an impor-
tant role in inhibiting cardiomyocyte hypertro-
phy via nuclear factor of activated T cells C4 
(NFATc4) nuclear translocation [13], and that 
PPARγ physically associates with transcriptional 
factor NFAT to block NFAT DNA binding and 
transcriptional activity [14]. This seemed to pro-
vide a direct mechanism for PPARγ activity 
beyond affecting metabolism and inflamma-
tion, and may indicate the existence of cross-
talk between them.

ERK is also a well-known transcription factor 
that leads to cardiomyocyte hypertrophy [15]. 
Inhibition of ERK phosphorylation is another 
potential mechanism for suppressing cardio-
myocyte hypertrophy via telmisartan [7]. ERK-
induced cardiomyocyte hypertrophy plays an 
additional role by forming an ERK-NFAT com-
plex [16]. Recently, it was reported that telmis-
artan suppresses cardiac hypertrophy by inhib-
iting cardiomyocyte apoptosis via the NFAT/
ANP/BNP signaling pathway [17]. Both PPARγ 
and ERK associate with NFAT, which is a critical 
factor that is induced during pathological car-
diomyocyte hypertrophy [18]. However, the pre-
cise interactions by which PPARγ, ERK, and 
NFAT regulate telmisartan inhibition of cardiac 
hypertrophy are unknown.

In the present study, we examined how the 
PPARγ-ERK-NFAT complex is involved in telmis-
artan-suppressed cardiomyocyte hypertrophy. 
The balance of PPARγ and ERK may be very 
important in regulating cardiomyocyte hyper-
trophy by telmisartan. We also found that the 
PPARγ-ERK-NFAT complex is involved in the 
suppressive effect of telmisartan on alveolar 
wall hypertrophy, which further indicated that 
the PPARγ-ERK-NFAT complex mediates the 
role of telmisartan. This may not be limited only 
to heart tissue, but may be a universal 
mechanism.

Materials and methods

Cell culture of primary rat cardiomyocytes

One or two-day-old neonatal Wistar rats were 
purchased from the Experimental Animal 

Center of the Academy of Military Medical 
Sciences, Beijing, China. Rat hearts were 
washed to remove blood in sterilized phosphate 
buffered saline (PBS) three times after routine 
harvesting under aseptic conditions. Hearts 
were then minced in a sterilized small bowl  
and digested in cardiomyocyte balance sus-
pension liquid with 0.1% trypsin and 0.025% 
collagenase for 15 min. Undigested heart tis-
sue was re-digested and the procedure repeat-
ed four times until all tissues were digested. 
Cardiomyocytes were separated and concen-
trated by centrifugation within a Percoll gradi-
ent system. The cardiomyocytes were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) 
with 10% fetal bovine serum (FBS) and penicil-
lin at a density of 1 × 105/cm2 in a 5% CO2 incu-
bator at 37°C. Cardiomyocytes were used in 
various experiments from the second day. This 
study was approved by the Medical Ethics 
Committee of Heilongjiang Provincial Hospital, 
Harbin, China.

[3H] leucine incorporation

Cardiomyocytes were pretreated with 1 µM 
GW9662, a PPARγ inhibitor (Sigma-Aldrich, 
Santa Clara, CA, USA) [19], or 20 nM 12-0-tet-
radecanoylphorbol-13-acetate (TPA), an ERK 
activator (Cell Signaling Technology, Inc., 
Shanghai, China) [20], for 30 min and then 
treated with 50 µM telmisartan (Boehringer 
Ingelheim, Shanghai, China) in the presence or 
absence of 10 μm angiotensin II (Sigma-Aldrich) 
for 18 h. After incubation with [3H] leucine (1 
µCi/ml) for 12 h, the plates were washed with 
ice-cold PBS three times. Then, after incuba-
tion with ice-cold trichloroacetic acid (5% v/v) 
at 4°C for 1 h, they were again washed with  
ice-cold PBS three times. Cells were then dis-
solved in 0.1 mol/l NaOH. Liquid scintilla- 
tion counting was used to measure the 
radioactivity.

Immunofluorescence and confocal microscopy

Cardiomyocytes were collected and grown  
on glass-bottom µ-slides in four-well dishes 
(Thundscience, Shanghai, China) precoated 
with collagen II. After being treated with 
reagents, cells were fixed with acetone. Double 
immunofluorescent staining was performed 
using a specific antibody against NFATc4 
(1:800, sc-13036, Santa Cruz, CA, USA) and 
donkey anti-rabbit IgG (red) (Alexa Fluor® 488, 
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Abcam, Shanghai, China) or Myh6 (1:500, 
sc-167686, Santa Cruz) and donkey anti-goat 
IgG (red). Finally, slides were mounted in fluo-
rescence mounting medium with DAPI (4’,6 
diamidio-2-phenylindole) (blue) (Vector Labo- 
ratories, Shanghai, China). Cells were observed 
by an Olympus FluoViewTM FV1000 fluores-
cence microscope. 

Western blot

Cytoplasmic protein or nuclear protein was 
extracted using lysis buffer (50 mM Tris·HCl,  
pH 7.5, containing 150 mM NaCl, 25 mM EDTA, 
0.25% sodium deoxycholate, and 1 mM DTT) or 
RIPA buffer (50 mM Tris·HCl, pH 7.5, 150 mM 
NaCl, 1 mM EDTA, 1% NP-40) as reported previ-
ously [17]. Briefly, whole cell pellets were dis-
solved using lysis buffer, then the supernatant 
was carefully extracted as the cytoplasmic pro-
tein fraction after high speed centrifugation 
(15,000 rpm). The remaining precipitate was 
dissolved using RIPA buffer, then the superna-
tant was extracted as the nuclear protein frac-
tion after a second centrifugation. The protein 
concentration was determined using a BCA 
Protein Assay Kit (Pierce, 23225, Thermo Fi- 
sher Scientific, Shanghai, China). The proteins 
(10 μg) were electrophoresed by SDS-PAGE 
(NP0301BOX, Invitrogen, Shanghai, China) and 
subsequently transferred to a PVDF membrane 
(IPVH00010, Millipore, Shanghai, China) that 
was blocked in TBST containing 5% skim milk 
for 60 min at room temperature. After incuba-
tion with antibodies against NFATc4 (1:1000, 
sc-13036, Santa Cruz) or PPARγ (1:1000, 
sc-6285, Santa Cruz) overnight at 4°C, the 
membrane was incubated with peroxidase-con-
jugated secondary rabbit or goat IgG antibody 
(Sigma-Aldrich). Blots were incubated with ECL 
Western Blotting Detection Reagent (GE Heal- 
thcare Life Science), visualized by using a 
Luminescent Image Analyzer LAS-3000 sys-
tem (Fujifilm, Tokyo, Japan) and quantified by 
Image J software (National Institutes of Health, 
NIH).

Co-immunoprecipitation

NFATc4 was immunoprecipitated by incubated 
cellular extracts (150 μg protein) with an anti-
NFATc4 antibody (sc-13036, Santa Cruz), and 
20 μl protein A agarose bead slurry was added 
to react overnight at 4°C on a rocking platform. 
Protein A agarose beads were collected from 

the reaction solution by centrifugation at 6,000 
rpm for 5 min and washed three times (5 min 
per wash) with PBS. After removing the super-
natant, 10 μl sample buffer was added and 
boiled at 100°C for 3 min. All 10 μl of the result-
ing liquid sample was subjected to SDS-PAGE 
followed by normal western blotting procedure.

Measurement of cardiomyocyte volume

Cardiomyocyte area was measured randomly 
by Image J software (National Institutes of 
Health, NIH). Single or sporadic cells were 
selected for measurement. About 50 cells/
visual field for five fields were measured to 
obtain the average area per well.

RT-PCR

Total RNA was extracted from hearts using 
TRIzol (Invitrogen, Carlsbad, CA, USA), and 
cDNA (50 ng/μl) was synthesized by using oligo 
(dT) primers with the Transcriptor First Strand 
cDNA Synthesis Kit (04896866001, Roche, 
Shanghai, China). The PCR amplifications were 
quantified by using SYBR Green (04887352001, 
Roche). The results were normalized by GAPDH 
rRNA gene expression. The primers used were 
forward 5’-AGATCATCAAGGCCAAGGCA-3’, rever- 
se 5’-CGCTGGGTGGTGAAATCATT-3’ for Myh6; 
forward 5’-TCGCGACCTTACTGACTACCTG-3’, re- 
verse 5’-GCTTCTCTTTGATGTCGCGC-3’ for Ac- 
ta1; forward 5’-GTGAAGGTCGGAGTCAACG-3’, 
reverse 5’-GGTGAAGACGCCAGTGGACTC-3’ for 
GAPDH.

Telmisartan administration and HE staining

Mice were purchased from Heze Better 
Biotechnology, Shandong, China, and had free 
access to normal chow diet and water. Te- 
mperature and humidity were kept at 24°C, 
50-60% with a 12 h light/12 h dark cycle. Male 
C57BL/6 mice weighing 24-26 g were used 
throughout the experiment and randomly divid-
ed into four groups for vein/subcutaneous or 
intra-tracheal administration under intraperito-
neal anesthesia (pentobarbital salt, 50 mg/kg). 
Cardiomyocyte inhibition experiments were 
performed as reported previously [17]. For one 
group, GW9662 (100 μm mouse) and TPA (100 
nM/mouse) were injected in the tail vein three 
times each for 2 days before telmisartan admin-
istration. For pulmonary inhibition experiments, 
three groups were given intra-tracheal adminis-
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tration of lipopolysaccharide (LPS) (50 μg/
mouse, once every 2 days for four times), and 
the control group was given intra-tracheal 
administration of PBS. Three days before LPS 
administration, the LPS-administration groups 
began administration of telmisartan through 
oral gavage at a dose of 50 mg/kg/day (two 
groups) or the same volume of saline (one 
group) as in a previous study [17]. One telmisar-
tan-administration group was given intra-tra-
cheal administration of GW9662 (100 μm/
mouse) and TPA (100 nM/mouse) one day 
before LPS administration (once every 2 days 
for four times). Two weeks later in both experi-
ments, mice were sacrificed and lung tissues 
were fixed with 4% formaldehyde for 16 h at 
room temperature. After 2 days of dehydration 
by ethyl alcohol (from 70% to 100%), lung sam-
ples were embedded in paraffin. Blocks were 
cut into 5-μm-thick sections, dewaxed in xylene 
for 10 min, and stained with hematoxylin and 
eosin (H&E) at room temperature as previously 
reported [17].

Statistical analysis

Results are expressed as the mean values ± 
SEM. Each experiment was repeated three 
times independently. Comparisons between 

groups were carried out by one-way analysis of 
variance. A value of P < 0.05 was considered 
significant.

Results

PPARγ and ERK are involved in telmisartan 
inhibition of protein synthesis

Cardiomyocyte hypertrophy is always accom- 
panied by pathological protein synthesis. To 
understand whether telmisartan could inhibit 
abnormal protein synthesis and whether PPARγ 
and ERK were involved, we first measured pro-
tein synthesis under various conditions. As 
shown in Figure 1, angiotensin II (Ang II) induced 
pathological protein synthesis by 1.8-fold com-
pared to the control, and this was almost com-
pletely inhibited by telmisartan treatment. This 
inhibition was partly attenuated by either a 
PPARγ inhibitor (GW9662) or ERK activator 
(TPA), and interestingly, the inhibition was 
almost completely attenuated by a PPARγ inhib-
itor and ERK activator in combination (Figure 
1). However, these effects were not found in 
cardiomyocytes without Ang II pretreatment 
(Figure 1), which means that telmisartan does 
not affect normal cardiomyocytes but only  
Ang II-induced hypertrophied cardiomyocytes. 
These results indicated that both PPARγ and 
ERK are involved in telmisartan inhibition of 
cardiomyocyte pathological protein synthesis, 
though with opposite roles.

PPARγ and ERK mediate telmisartan inhibition 
of cardiomyocyte hypertrophy

Since telmisartan inhibits left ventricular hyper-
trophy and improves cardiac function [4, 5], we 
next asked whether PPARγ and ERK also medi-
ate improved cardiomyocyte hypertrophy by 
telmisartan. To test this hypothesis, we first 
investigated cardiomyocyte volume by observ-
ing live and Myh6-stained cultured cardiomyo-
cytes (Figure 2A, 2B). As a result, Ang II induced 
cardiomyocyte hypertrophy by 2-fold compared 
to the control group, and telmisartan strongly 
inhibited Ang II-induced cardiomyocyte hyper-
trophy. However, the hypertrophy inhibition 
effect of telmisartan was negated by a combi-
nation of the PPARγ inhibitor GW9662 and the 
ERK activator TPA (Figure 2A, 2B). To verify this 
result, cardiomyocyte hypertrophy-associated 
markers (Myh6 and Acta1) were also mea-
sured. Telmisartan inhibited Myh6 and Acta1 
mRNA expression induced by Ang II. This inhibi-
tion was also blocked by the GW9662 and TPA 

Figure 1. PPARγ and ERK are involved in telmisartan 
inhibition of Ang II-induced [3H] leucine incorpora-
tion in primary cultured cardiomyocytes. Cardiomyo-
cytes were pretreated with 1 μm GW9662 or 20 nM 
12-0-tetradecanoylphorbol-13-acetate (TPA) for 30 
min followed by stimulation with 50 µM telmisartan 
in the presence or absence of 10 μm Ang II for 18 h. 
Cardiomyocytes were incubated with [3H] leucine (1 
μCi/ml) for 12 h. [3H] leucine-related protein incorpo-
ration was determined by liquid scintillation count-
ing. (Data are the means ± SEM. n = 4-6 for each 
group. *P < 0.05; **P < 0.01).
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combination (Figure 2C). These results indicat-
ed that PPARγ and ERK mediated the cardio-
myocyte hypertrophy inhibition effect of telmis-
artan and are consistent with the results shown 
in Figure 1.

PPARγ and ERK are involved in inhibition of 
NFAT nuclear translocation induced by telmis-
artan

NFAT is a key factor in inducing cardiomyocyte 
hypertrophy by nuclear translocation [18], and 
both PPARγ and ERK have been reported to be 

functionally associated with NFAT [14, 16]. We 
therefore examined whether telmisartan inhib-
ited NFAT nuclear translocation and the roles of 
PPARγ and ERK in this process. In primary car-
diomyocytes, Ang II induced significant NFATc4 
nuclear translocation, which was inhibited by 
telmisartan. Interestingly, this inhibition was 
impaired by the PPARγ ginhibitor and ERK acti-
vator combination (Figure 3A, 3B). An addition-
al experiment was also performed to verify this 
inhibition. Western blotting showed that upreg-
ulated nuclear NFATc4 translocation induced 

Figure 2. PPARγ and ERK are involved in telmisartan inhibition of Ang II-induced cardiomyocyte hypertrophy. (A) 
Representative images of live cardiomyocytes after telmisartan or GW9662 and TPA treatment with or without Ang 
II stimulation (upper). Representative immunofluorescent staining of cardiomyocytes by Myh6 (red) and DAPI (blue) 
(below). Scale bars = 50 μm. (B) Calculation of cardiomyocyte volume from (A). (C) Myh6 and Acta1 mRNA expres-
sions in cardiomyocytes were quantified by RT-PCR as an additional index for cardiomyocyte hypertrophy. (Data are 
the means ± SEM. n = 5 for each group. *P < 0.05, **P < 0.01).
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by Ang II was inhibited by telmisartan, and this 
inhibition was impaired by the PPARγ inhibitor 
and ERK activator combination (Figure 3C, 3D). 
These results indicated that both PPARγ and 
ERK are involved in the inhibition of NFATc4 
nuclear translocation by telmisartan.

The PPARγ-ERK-NFAT complex regulates NFAT 
inhibition by telmisartan

The above results showed that PPARγ activa-
tion and ERK inactivation facilitate NFAT func-
tion. It seems that PPARγ and ERK play oppo-
site roles in this regulation. To understand how 
these opposing roles are regulated by the  
two molecules, we precipitated cardiomyocyte 
NFATc4 under Ang II stimulation and found that 
both PPARγ and ERK combined with NFATc4. 
Telmisartan treatment increased the binding 
with PPARγ and decreased that with ERK simul-
taneously (Figure 4A, 4B). As a result, telmisar-

tan changed the PPARγ/ERK ratio and this was 
prevented by PPARγ inhibitor and ERK activator 
(Figure 4C). These results indicated that PPARγ 
and ERK regulate NFAT by interacting with it 
directly. The balance of PPARγ and ERK may 
therefore directly decide the fate and function 
of NFAT.

The PPARγ-ERK-NFAT complex is involved in 
telmisartan inhibition of cardiomyocyte hyper-
trophy in mouse heart

Next, we tested whether telmisartan regulation 
of the PPARγ-ERK-NFAT complex also occurred 
in the heart in vivo by administering telmisartan 
with or without the PPARγ inhibitor and ERK 
activator to Ang II-induced cardiac hypertrophy 
mice. We found that telmisartan suppressed 
Ang II-induced cardiac hypertrophy of mice, the 
same result as reported previously [17], and 
that the PPARγ inhibitor and ERK activator 

Figure 3. PPARγ and ERK are involved in telmisartan inhibition of Ang II-induced NFAT nuclear translocation in pri-
mary cultured cardiomyocytes. (A) Representative immunofluorescent staining of cardiomyocytes with NFATc4 (red) 
and DAPI (blue) after telmisartan or GW9662 and TPA treatment with or without Ang II stimulation. Scale bars = 
50 μm. (B) Quantification of (A). (C) Representative western blot of NFATc4 after telmisartan or GW9662 and TPA 
treatment with or without Ang II stimulation. Histone was used as an internal control for loading protein volume. (D) 
Relative quantification of (C). (Data are the means ± SEM. n = 5 for each group of (B). n = 3-4 for each group of (C). 
*P < 0.05; **P < 0.01).
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blocked the role of telmisartan (Figure 5A). 
When we precipitated cardiac NFATc4, we 
observed that telmisartan increased the 

amount of bound PPARγ and decreased bound 
ERK, thus increasing the PPARγ/ERK ratio 
(Figure 5B-D), and the PPARγ inhibitor and ERK 

Figure 5. The PPARγ-ERK-NFAT complex mediates cardiac hypertrophy in mouse heart. (A) Representative image of 
heart tissue with H&E staining and average cardiac myocyte area quantification after telmisartan or GW9662 and 
TPA subcutaneous administration with or without Ang II pre-stimulation. Scale bars = 20 μm. (B) Representative 
western blot of ERK and PPARγ in immunoprecipitated NFATc4 in heart tissue. (C) Relative quantification of ERK and 
PPARγ in (B). (D) Relative quantification of the PPARγ/ERK ratio in (B). (Data are the means ± SEM. n = 4 for each 
group. *P < 0.05; **P < 0.01; ***P < 0.001).

Figure 4. PPARγ and ERK regulate NFATc4 in cardiomyocytes by forming a PPARγ-ERK-NFAT complex. (A) Representa-
tive western blot of ERK and PPARγ in immunoprecipitation of NFATc4 from cardiomyocytes after Ang II treatment. 
(B) Quantification of ERK and PPARγ in (A). (C) Relative quantification of the PPARγ/ERK ratio in (A). (Data are the 
means ± SEM. n = 5 for each group. *P < 0.05).
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activator prevented this (Figure 5B, 5C). These 
results are similar to those in cultured cardio-
myocytes and indicated that telmisartan regu-
lates the PPARγ-ERK-NFAT complex and sup-
presses cardiac hypertrophy in mice.

The PPARγ-ERK-NFAT complex is involved in 
telmisartan inhibition of alveolar wall hyper-
trophy

Next, we tested whether the role of telmisartan 
via the PPARγ-ERK-NFAT complex was specific 
to the heart or could broadly regulate other tis-
sues. It has been reported that NFAT promotes 
pulmonary inflammation [21], which is always 
accompanied with alveolar wall hypertrophy. 
Also, ERK activation induces lung inflammation 
[22], while PPARγ has been reported to sup-
press lung injury and inflammation [23]. We 
therefore surmised that telmisartan may also 

regulate the PPARγ-ERK-NFAT complex in lung 
tissue. To test this hypothesis, we investigated 
the effect of telmisartan in a lung inflammation 
model. A mouse pulmonary inflammation model 
was established by tracheal administration of 
LPS, which is commonly used to induce lung 
inflammation [24, 25]. Interestingly, telmisar-
tan tracheal administration significantly sup-
pressed LPS-induced alveolar wall hypertrophy. 
This suppression effect was blocked by PPARγ 
inhibitor and ERK activator administration 
(Figure 6A). Next, to demonstrate whether 
PPARγ and ERK also affect NFAT in the form of 
the PPARγ-ERK-NFAT complex within lung tis-
sue, we precipitated pulmonary NFATc4 and 
found that both PPARγ and ERK bound to 
NFATc4. Telmisartan tracheal administration 
suppressed NFATc4-bound ERK and elevated 
NFATc4-bound PPARγ. These changes were 
negated by PPARγ inhibitor and ERK activator 

Figure 6. The PPARγ-ERK-NFAT complex mediates alveolar wall hypertrophy. (A) Representative image of lung tissue 
with H&E staining after telmisartan or GW9662 and TPA tracheal administration with or without LPS pre-stimulation. 
Scale bars = 100 μm. (B) Representative western blot of ERK and PPARγ in immunoprecipitated NFATc4 of lung tis-
sue. (C) Relative quantification of ERK and PPARγ in (B). (D) Relative quantification of the PPARγ/ERK ratio in (B). 
(Data are the means ± SEM. n = 4-6 for each group. *P < 0.05; **P < 0.01).
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administration (Figure 6B, 6C). Finally, we cal-
culated the PPARγ/ERK, which was significantly 
increased after telmisartan administration 
(Figure 6D), and an identical result to what was 
seen in the heart.

Discussion

Telmisartan effectively prevents cardiovascular 
events [26]. Although PPARγ and ERK have 
been reported to mediate the cardiomyocyte 
hypertrophy inhibitory role of telmisartan [6, 7], 
the mechanism is not well-understood. Another 
cardiomyocyte critical factor, NFAT, has been 
reported to physically associate with PPARγ 
and ERK [14, 16]. In the present study, we 
focused on these three critical factors and 
explored their crosstalk in regard to telmisartan 
inhibition of cardiomyocyte hypertrophy.

NFAT participates in pathological, but not physi-
ological, cardiomyocyte hypertrophy [18]. We 
found that NFAT nuclear translocation could be 
completely inhibited by telmisartan, accompa-
nied by the complete inhibition of abnormal 
protein synthesis and cardiomyocyte hypertro-
phy. This indicated that NFAT was the central 
factor that plays a crucial role in the telmisar-
tan inhibition process, more so than PPARγ and 
ERK. PPARγ and ERK may just be assistant fac-
tors that regulate NFAT. These results encour-
aged us to explore the associations between 
PPARγ, ERK, and NFAT.

Telmisartan inhibits NFAT nuclear translocation 
directly or by upregulating PPARγ [6]; however, 
the means by which this inhibition is mediated 
has been unclear. As PPARγ and ERK complex 
with NFAT [14, 16], and telmisartan has been 
reported to promote PPARγ expression and 
suppress ERK phosphorylation, we supposed 
that upregulated PPARγ and downregulated 
ERK participated in telmisartan-induced NFAT 
regulation. Based on reports of the ERK-NFAT 
complex and PPARγ-NFAT regulation [14, 16], 
we found that the PPARγ-ERK-NFAT complex 
was the real mediator for cardiomyocyte hyper-
trophy inhibition by telmisartan (Figures 4 and 
5), and not just a single factor (PPARγ, ERK, or 
NFAT alone). As we discussed, NFAT is the main 
factor and PPARγ and ERK are assistant fac-
tors, but how the two assistant factors affect 
NFAT has been unknown. In the presence of 
Ang II, telmisartan simultaneously regulated 
both PPARγ and ERK, with PPARγ being upregu-

lated and ERK downregulated. This would 
explain why the associations of PPARγ and ERK 
were parallel to telmisartan. As a result, the 
role of NFAT promotion mediated by ERK was 
blocked while the role of NFAT inhibition medi-
ated by PPARγ was activated (Figure 4). This 
indicated that telmisartan prevented NFAT 
function by changing the balance of PPARγ and 
ERK.

For NFAT to exert its function, it requires nucle-
ar translocation to bind with specific DNA sites 
to promote cardiomyocyte hypertrophy. So, we 
next asked how the balance of PPARγ and ERK 
decides NFAT function. PPARγ, a nuclear tran-
scription factor, exerts its role within the nucle-
us and has been reported to block NFAT DNA 
binding and transcriptional activity [14]. 
Although ERK promotes NFAT functioning by a 
ERK-NFAT complex, ERK promotes NFAT-DNA 
binding but not NFAT nuclear translocation [16]. 
Both of these two previous reports seem to 
contradict our present study (Figure 3). 
Although we are not clear about how NFAT 
nuclear translocation was regulated by PPARγ 
and ERK, it is possible that there was a feed-
back between nuclear non-DNA-binding NFAT 
and cytoplasmic NFAT. We find this hypothesis 
interesting, because feedback is a universal 
mechanism in cellular and intercellular sig- 
naling, within organs and between organs. 
However, PPARγ agonists inhibit cardiomyocyte 
hypertrophy by the NFAT pathway [13]. Thus, it 
is not strange that in our present study, the 
imbalance of PPARγ and ERK induced by telmis-
artan inhibited NFATc4 nuclear translocation 
(Figure 2). However, there are four NFAT tran-
scription factors, NFATc1 to NFATc4, each of 
which is expressed in cardiomyocytes [27]. 
Although in our present study we investigated 
only NFATc4, we cannot exclude similar roles of 
telmisartan with other NFATcs, which we will 
investigate in subsequent work.

Finally, we also investigated whether the role of 
the PPARγ-ERK-NFAT complex in mediating the 
effects of telmisartan was only specific to car-
diomyocytes. Interestingly, we found that the 
PPARγ-ERK-NFAT complex also exists in lung 
tissue (Figure 6). These results demonstrated 
that PPARγ-ERK-NFAT complex mediation of 
telmisartan may be a general phenomenon, not 
only in cardiomyocytes, but also in lung tissues. 
We also cannot exclude the possibility that the 
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PPARγ-ERK-NFAT complex mediates the role of 
telmisartan in other organs. Telmisartan has 
been reported to protect against chronic kidney 
disease [28]. NFAT and ERK promote glomeru-
losclerosis by mediating podocyte apoptosis 
[29, 30], whereas PPARγ activation has a pro-
tective effect against glomerulosclerosis [31]. 
These reports at least suggest that telmisartan 
may protect against chronic kidney disease 
through the PPARγ-ERK-NFAT complex. How- 
ever, there is currently no direct evidence that 
the PPARγ-ERK-NFAT complex mediates the 
role of telmisartan in other organs, so further 
studies are needed.

In summary, we created a new model of cardio-
myocyte hypertrophy inhibition by telmisartan. 
As shown in Figure 7, in Ang II-treated cardio-
myocytes or in LPS-stimulated pulmonary tis-
sue, PPARγ and ERK balance the activation of 
NFAT by regulating NFAT nuclear translocation 
and DNA binding in the form of a PPARγ-ERK-
NFAT complex (Figure 7A). Telmisartan simulta-
neously promotes PPARγ and blocks ERK, con-
sequently regulating the balance of PPARγ and 
ERK induced by Ang II or LPS, and finally regu-
lating NFAT nuclear translocation and DNA 
binding. As a result, cardiomyocyte hypertrophy 
induced by Ang II or alveolar wall hypertrophy 
induced by LPS are accordingly suppressed 
(Figure 7B).
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